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Abstract 
In comparison to traditional product development the concept of product-service systems (PSS) integrates the traditional functionality of a 
product with services. This offers several advantages for involved stakeholders, such as added value for the customers and long-term customer 
relationships or more sustainable products by long-term product lifecycles. This conceptual change results in new challenges for the 
development and organization of PSS. This paper discusses PSS development and modeling as well as indicates limitations in tools and 
methods to model and simulate dynamic behavior of PSS based on literature. The approach of agent-based modeling (ABM) is a fairly new 
dynamic modeling approach and has been rarely discussed in PSS literature. As a bottom-up approach it represents system components as a 
collection of autonomous decision-making entities called agents. The agents have their own individual set of rules or behaviors by which they 
operate and interact with each other in a certain environment. These characteristic features seem to be a promising approach to support PSS 
development. The objective of this paper is to prove this assumption and to disclose areas where ABM can be used in PSS development. In this 
paper ABM is used to simulate the distribution of the e-bike sharing system PSSycle. The model shows on an exemplary use case of the 
PSSycle the minimal amount of e-bikes which should be distributed in a certain area to ensure an increasing user satisfaction with the PSSycle. 
The case study demonstrates the applicability of ABM to support PSS development. The results of the case study are also used to discuss 
further applications of ABM on PSS development. 
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1. Introduction 
As the name implies, a product-service system (PSS) is an 
integrated system in which the traditional functionality of a 
product is expanded by additional services. PSS shift the 
focus to the usage of the product, that is, the customer doesn’t 
pay for the possession of a product, but for the use of the 
product or for the functionality he receives. For companies in 
the western world, PSS offer competitive advantages, as the 
additional services justify higher prices as from pure physical 
products. This supports companies to stand against low-cost 
manufacturing. For the customer, PSS can be cheaper than a 
classical product and offer further features. It is also believed 
that PSS can have lower environmental impact than classical 
products. As the usage over the whole lifecycle becomes 
important, PSS are designed and produced with a higher focus 
on sustainability [1]. 
With the growing importance of PSS, especially in western 
countries, new methods and approaches are required to ensure 
the success of these new business concepts. So far only a few 
PSS development methods have been discussed in literature. 
Challenges occur, among others, due to the dynamic 
influences on PSS [2]. Sources of these influences can be the 
different user behavior in a leasing concept, product 
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distribution for sharing concepts, organization of service 
departments and so on. To manage these challenges dynamic 
modeling methods, for example system dynamics, can be used 
to model and simulate the behavior of the system. 
This paper will discuss the abilities of agent-based 
modeling to support PSS development. The objective is to 
find out, if ABM is suitable for supporting PSS development 
and the areas in which it can be deployed. To fulfill these 
objectives a literature review is carried out to discuss the 
characteristics of PSS. After acquisition of already performed 
dynamic modeling concepts for PSS, the concept of ABM is 
introduced (Section 2). With this background information, 
Section 3 discusses areas in which ABM can be used for PSS 
development. This will provide a starting point for further 
detailed discussion of individual PSS scenarios. Section 4 
introduces a use case of an e-bike sharing system to evaluate 
the general applicability of ABM for PSS development. 
2. Background Information 
2.1. Product-service systems 
A first formal definition of a PSS was given by [3] and 
further contributions have broadly adopted his definition [1]. 
Reference [3] define a product-service system as a marketable 
set of products and services capable of jointly fulfilling a 
user’s need. Key elements of a PSS are: 
x A product, which is a tangible commodity manufactured to 
be sold. 
x A service, which is an activity done for others with an 
economic value and often done on a commercial basis. It 
can be work done by human beings as well as by 
automated systems. 
x A system, which is a collection of elements including their 
relations. 
PSS are classified into three categories depending on the 
servitization of the product that is the level of service 
introduction in a classical product. Product-oriented PSS are 
basically traditional products owned by a customer, which are 
extended with the sale of additional services during the 
product lifecycle. The main motivation behind PSS is to build 
long-lasting, well-functioning products with recycling 
potentials. Use-oriented PSS are products, which are not 
owned by the customer. The company sells the availability of 
the product in order to maximize the use of the product. In 
result-oriented PSS the customer pays for results or 
capabilities instead of paying for a physical product. The 
company owns the products that fulfill the services to 
generate results for the customer [1,4]. 
Several tools and methodologies for designing PSS have 
been discussed in literature. However, they are typically 
adoptions of methodologies developed for classical product or 
service development and evaluations of the proposed 
methodologies are limited [1, 5-10]. Especially the questions 
of how organizations and PSS can be designed and how they 
can be built are hardly discussed [1]. 
Detailed challenges which occur in PSS development are 
already specified in literature. For example, PSS include 
dynamic business relationships, which result in a high 
uncertainty in PSS development. Therefore, new development 
strategies and methodologies are required [2, 10]. Reference 
[11] discuss high complexity and dynamics and therewith the 
management of uncertainties as a central challenge for PSS. 
[12] highlight the agents involved in a PSS. As a consequence 
of the servitization PSS include agents other than the 
customer. These agents and their behavior should be modeled 
for PSS development. [9] also stress the importance of 
modeling stakeholders and dynamic behavior in the PSS 
system model. [1] add that the approach of systems thinking is 
important for PSS development, and the necessity to discuss 
the different subsystems. 
2.2. Dynamic and agent modeling of PSS 
Among other challenges in PSS development or modeling 
this publication will focus on dynamic and behavioral issues. 
Qualitative and quantitative modeling approaches for PSS are 
rarely available in literature. However, some approaches are 
introduced in the following: 
Reference [2] and [13] discuss the high complexity of PSS 
and the importance of dynamic modeling for PSS 
development. Modeling and simulation methods to analyze 
the dynamic behavior of PSS are still missing. Therefore they 
introduce a business model for PSS based on system 
dynamics. 
System dynamics (SD) is a common method to model and 
analyze the dynamics of systems. The main idea of SD is that 
the behavior of a system and therewith its dynamics result 
from the structure of the system. In SD the structure of a 
system is represented by stocks for each entity of a system 
and flows between these entities [14, 15]. 
Reference [16] also use an SD model to analyze PSS. The 
focus is on service performance and maintenance contracts for 
PSS. The SD model is used to model and understand the 
relationship between service metrics in order to evaluate the 
effects of new service policies on the company’s performance 
and to analyze the required organizational changes by 
selecting optimal service scenarios. Another SD model is used 
by [9] to support companies in changing from traditional 
product offerings to PSS and to evaluate the success of the 
transition. 
Another approach for dynamic modeling is discrete event 
modeling (DE). DE uses entities, resources and block charts 
that describe entity flow and resource sharing [17]. [18] use a 
DE approach implemented in the software tool AnyLogic to 
simulate a car and ride sharing concept for the transportation 
between two university locations. Car and ridesharing is a 
use-oriented PSS. The vehicles in the PSS as well as the users 
of the vehicles are modeled as entities. The DE model provide 
insight about the user satisfaction in terms of waiting time for 
vehicles, on the system costs and on the environmental 
impacts of the system. 
The approaches of SD and DE have been already used for 
analysis of PSS. However, a third approach for dynamic 
modeling is agent-based modeling (ABM), which has been 
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rarely discussed for PSS modeling so far. This paper will 
discuss the ability of ABM to support PSS modeling. 
2.3. Agent-based modeling 
ABM is a fairly new dynamic modeling approach that until 
recently was only used in academia. In contrast to other 
dynamic system models such as SD, ABM uses a bottom-up 
modeling approach, where a system is modeled as a collection 
of autonomous decision-making entities called agents. System 
components are represented by agents that have their own 
individual set of rules or behaviors. Therewith they operate 
and interact with each other in a certain environment. The 
rules, by which the agents operate, determine the agent’s level 
of sophistication. More complex algorithms can be used to 
enable agents to individually assess situations, learn from 
them, make decisions and apply adaptive strategies. Agents 
may be capable of evolving, thereby allowing unanticipated 
behaviors to emerge [17, 19, 20]. 
There is no set language for programming ABM. 
Programmers often use Java, C or C++. Agent behaviors are 
commonly described using state charts that provide a 
description of a behavior at a given point in time. A state chart 
includes the history of the agent and a set of reactions to 
external events, by which it is able to determine future states. 
In recent years, there has been an increasing interest in 
using ABM to understand the behavior of complex 
engineering systems, as it is able to reveal hidden system 
complexities [21]. The interconnectedness of the system 
components make it difficult to predict the output, as making 
small changes to parameters can result in an unexpected 
output. The phenomena that interactions of individual entities 
result in unknown system behavior and that the behavior can’t 
be reduced to the system’s parts is known as emergence. It is 
difficult for methods such as SD that use pure mathematical 
notations to model discontinuous individual behavior such as 
memory, path-dependence and adaptation [19, 22]. 
Benefits of ABM are the ability to capture emergent 
behavior and to model the interactions of individual entities. 
Furthermore it provides a natural and easy traceable 
description of the system, as the activities of agents in a 
certain surrounding are close to real world examples. Finally, 
ABM is flexible in terms of number of agents and description 
of the agents [19]. 
Reference [19] discuss four areas of application for ABM. 
It can be used to model: 
x Flows of individual entities. For example for evacuation, 
traffic or customer management. 
x Markets and their dynamics. 
x Organizations in terms of organizational design or 
operational risk and success. 
x Diffusion of information flows in social networks or 
diffusion of innovation and adoption. 
The above mentioned application areas represent some 
possibilities of applying ABM to model PSS. For example, 
ABM can be used to model the market for a PSS or how a 
service for a PSS is organized. Customer flows can be 
analyzed for use-oriented PSS like leasing or sharing. 
Reference [23] argue that the diverse types of agents that 
represent the engineering and business activities in functional 
products, respectively PSS, are useful for assessing the quality 
of knowledge about product development activities. 
The importance of functional value and customers or 
agents in designing PSS is discussed by [12]. They use an 
agent model to model the agents, which are participating in 
the service. They name their model a Flow model as it 
represents agents and their relationships in terms of flows 
between each other. However, neither simulations of the 
ABM or the behavioral modeling of the agents has been 
carried out. 
3. Possible Areas of Support for PSS Development with 
ABM 
Precondition of deriving an ABM is to define the agents 
for the model. In general, these can be the customers or the 
users of the product, the product itself or employees of the 
company. This is similar to classical product or pure service 
offerings. Questions like diffusion of marketing on customers, 
buying behavior, company organization, etc. can be answered 
by ABM. However, in PSS the choice of agents is also 
influenced by the classification of the PSS. 
In product-oriented PSS ABM can be used to model the 
product-related services. For example, service frequency for 
failures in usage or existing maintenance contracts are 
possible. Compared with the four areas of application for 
ABM, this can be modeling of a PSS to design its service 
organization in the area of organization and flows of 
individual entities to model service employees. 
For use-oriented PSS like leasing, renting or sharing ABM 
can be used to model flows of customer and product entities 
to analyze how products should be distributed in a certain 
area. The usage of the product by the customer in terms of 
number of usage or art of usage can also be modeled. For 
example, the average number of kilometers driven by each 
user of a car renting might be important to evaluate the 
economic success of a company. 
In result-oriented PSS the relationship between product 
and customer decreases in importance in comparison to the 
product- and use-oriented PSS. The relationship between user 
and service is of higher importance. E.g., flows of service 
units and customers can be modeled, as only the functional 
result is relevant for the customer. Consequently, the 
relationship between the product and the company increase in 
relevance. An example of a result-oriented PSS is a laundry 
service, where the company has to organize its laundry 
machines and collection or distribution of the clothes from 
and to the customer. 
4. Modelling and Simulation of a E-bike Sharing System 
with ABM 
To verify the applicability of ABM on PSS development it 
has been applied to a case study of an e-bike sharing system 
called PSSycle. The case study represents a use-oriented PSS. 
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4.1. The PSSycle as an e-bike sharing example 
The PSSycle was developed as part of the collaborative 
research project SFB768 (see acknowledgment) as an e-Bike 
sharing system. The basic idea of the PSSycle is to sell 
mobility instead of the e-Bike itself. Users can reserve, pay, 
rent and unlock the e-Bike via an integrated smartphone. 
Further additional features such as navigation, luggage 
storage, or recharging the user smartphone are offered to the 
customer. 
The physical development process of the PSSycle is 
already completed. Requirements and functions have been 
defined. A team of students developed the required hardware 
and software components and one tangible demonstrator 
model has been constructed. Furthermore, possible service 
processes have been defined. Customer and distribution issues 
have been collected by surveys. 
A complete e-bike sharing system with several e-bikes and 
a hypothetical company to monitor the system hasn’t been 
developed so far. A real-world implementation of the system 
will result in high costs and effort. Thus, ABM will be used as 
a tool to simulate some relationships for the PSSycle in order 
to gain further insights in PSS development and to support a 
real-world implementation.  
4.2. ABM of the distribution of the PSSycle 
Based on the PSSycle project an ABM-Simulation is 
performed with the objective of testing feasibility of ABM in 
context of PSS. As operating tool the freeware software 
platform NetLogo is used. NetLogo provides four different 
types of agents: 
x Patches: A patch is a small fixed square with certain 
characteristics. All patches form a two dimensional world 
in which the turtles interact. 
x Turtle: Turtles move over patches and can interact between 
each other and with the patches. 
x Links: Links are relationships between agents to define 
their interactions. 
x Observer: This agent observes the model and can actively 
give interactions. 
In the context of the PSSycle example four different agents 
are defined in the program: 
x The world is defined with three different patches. The 
green patches have no special characteristics. The agents 
only move over these patches (Fig. 1, Number 1.). A blue 
patch represents a subway station (Fig. 1, Number 2.) and a 
red patch a house (Fig. 1, Number 3.). E-bikes can be 
stored at the subway station and at houses. 
x People are turtles which move through the world. They are 
initially starting at house patches (Fig. 1, Number 4.). The 
color of the people-turtles indicates their interaction with e-
bikes. A brown people-turtle hasn’t had any e-bike since 
the simulation started, a white people-turtle already had an 
e-bike in the simulation and a yellow people-turtle is 
actually at this tick with an e-bike. 
x E-bikes are also turtles. They are initially created at the 
subway station (Fig. 1, Number 5.). 
x Furthermore links between all other agents are defined. 
 
 
 
Fig. 1. Illustration of the simulation world and the different agents in 
NetLogo for the PSSycle. 
 
During the simulation people move with an initially, 
randomly chosen speed in direction to the subway station and 
return back to their starting coordinates. This movement 
repeats infinitely, while picking up a bike whenever possible 
(people and bike at same location) and leave the used bike at 
each designated location (house and subway station). A 
satisfaction of the people is introduced as an evaluation 
parameter. People lose or gain satisfaction linearly from an 
initially given value at every time step (tick) depended on 
whether they have a bike or not. 
Input parameters are the number of houses as well as their 
arbitrary chosen coordinates. Further actuating variables are 
the satisfaction gain/loss and the total number of people and 
bikes. Due to understanding purpose an additional time 
variable is introduced which counts roughly the repetitions of 
the basic movement of the fastest people. Another output 
shows the number of currently used bikes.  
The particular ABM could be used for computing an 
appropriate number of bikes under several boundary 
conditions. For that reason the input parameters except of the 
number of bikes are fixed to arbitrary values, what is 
acceptable in context of the specific case of a feasibility 
investigation. In Fig. 2. a simulation is performed with six 
houses, one subway station, ten people for each house, an 
initial satisfaction of 50, a satisfaction loss of 0,2 per tick and 
a satisfaction gain of 0,6 per tick if the people-turtle uses an e-
bike. Only the number of e-bikes is changing. Fig. 2, a). 
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shows an illustration of the simulation with the people-agents 
travelling from their houses to the subway station. In this 
simulation 37 e-bikes are initially at the subway station. Fig. 
2, b). shows the analysis of the simulation with 37 e-bikes. At 
the illustrated 11.46 repetitions 34 e-bikes are used by the 60 
people-agents. The averaged satisfaction is constantly 
increasing. It already reached a value of 161. It can also be 
seen that there are only two brown people-agents left, who 
haven’t had an e-bike right now. Fig. 2, c). shows a simulation 
setting with nine initial bikes. The averaged satisfaction of the 
people-agents is decreasing very fast. After 4.68 repetitions it 
is fallen to 7. Fig. 2, d). shows a setting where the averaged 
satisfaction is fluctuating but a tendency to a decreasing 
satisfaction is recognizable. 
 
 
 
Fig. 2. Illustration of the discussed ABM simulation of a certain PSSycle 
setting: (a) Picture of a simulation with 37 e-bikes; (b) Agents averaged 
satisfaction with 37 e-bikes; (c) Agents averaged satisfaction with 9 e-bikes; 
(d) Agents averaged satisfaction with 16 e-bikes. 
 
An interesting question for the distribution of the PSSycle 
is how many e-bikes are at least required in a certain area to 
create a constant or increasing satisfaction. Therefore a more 
detailed analysis which includes five simulations at each 
number of bikes and an initial satisfaction of 50 records the 
mean satisfaction at a specific time. The results of these 
simulations are shown in Fig. 3.. Spreading around a mean 
value at a specific e-bike quantity respectively is observable, 
due to the randomly chosen people speed and consequently 
unique simulations. An increasing satisfaction tendency with 
higher number of bikes is clearly identifiable, hence a range in 
which the mean satisfaction approximately keeps at the initial 
value or even higher is ascertainable. It is noticeable if the 
satisfaction value after a specific time, like in the applied 
simulations, is lower or higher than the initial value, the 
tendency remains into infinity (Fig. 2, b), c), d).). The critical 
number of bikes can be similarly calculated for other input 
parameters. 
 
 
 
Fig. 3. Satisfaction in dependence of the number of e-bikes. 
 
4.3. Discussion of the results and further scenarios for ABM 
within the PSSycle concept 
The presented model is kept simple on purpose because its 
primary goal is to investigate potential and feasibility of ABM 
in frame of PSS analysis. Due to this there is room for 
improvement in several aspects which could be performed in 
further work. Instead of an arbitrarily collocated world, a map 
based on actually existing formations could be created. 
Furthermore the movement of the people follows a set of 
simple rules (house–subway–house), which could be extended 
to a more complex behavior aligned to reality (e.g. house-
subway-work-subway-store-house). Specifying this topic not 
only people’s movement is improvable, also people’s 
individuality. Different types of people with different 
behavior could be introduced. For example, the process of 
choosing a bike or an uncertainty factor for all kinds of 
behavior could be implemented. Another limitation is the 
fictitious numerical values for the simulation. Especially the 
arbitrarily chosen satisfaction calculation is a further issue to 
be improved. Here purposeful selected parameters (e.g. 
gain/loss) and formulas based on a scientific research (e.g. 
survey) should be used in order to get useful data. 
4.4. General limitations and potentials of ABM simulations 
for PSS development 
Based on the findings obtained from the applied model and 
the used software, an attempt is made to evaluate ABM in 
context of PSS. While developing the current model some, 
maybe general problems of ABM in frame of PSS analysis 
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occurred. So complex directed movements (e.g. people) seem 
to increase the necessary effort seriously. This is related to the 
difficult realization of process sequences and especially 
process iterations. Moreover, it seems that complex 
mathematical functions are difficult to implement into the 
ABM model while model sensitivity to the initial conditions 
must be investigated in future studies. 
Despite of these problems, ABM shows high potential for 
applicability in PSS analysis. Perhaps the major advantage is 
already given by the name ABM itself – the agents. They 
enable to use a set of individuals with individual behavior and 
so they could represent complex systems with complex 
behavior aligned to reality. ABM could be used to look at 
what happens to the system because of what its individuals do 
and vice versa. So both, system and individuals behavior, with 
respect to each other, can be observed and analyzed. A further 
important aspect of ABM is the dynamic structure of the 
simulation, while the possibility to implement uncertainty 
seems to show big potential for PSS simulations, because it is 
thereby possible to copy real world decisions and 
circumstances. 
5. Conclusion and Outlook 
This paper discussed ABM as a promising method to 
support the development of PSS. The main advantage is to 
simulate PSS distribution and the usage of the PSS. A case 
study of the e-bike sharing system PSSycle shows an 
exemplary simulation with NetLogo, an ABM tool, to 
calculate the minimal number of e-bikes in a certain area to 
satisfy users. Even as the boundary conditions and numerical 
values of the model are not scientifically verified, the authors 
showed the useful applicability of ABM for PSS 
development. 
For further work it is suggested to simulate a real-world 
example. This will give deeper insights in limitations and 
opportunities for ABM simulation in PSS development. 
Furthermore, a process to set up an ABM simulation for a 
PSS can be useful to support the broader applicability of 
ABM as a tool for PSS development. 
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